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ABSTRACT: Biochar is a recycled material obtained through pyrolysis in the 

manufacture of bio-fuel. It is an organic material that can endure in soil for thousands of 

years. It can modify pore size distribution, provide aggregate stability, and has a large 

water holding capacity. This material has been commonly used in environmental and 

agricultural applications; however, there is little research in the geomechanical properties 

of the resulting mixture of Biochar and soil. Some studies showed that biochar could 

provide cohesion and desaturate soil particles, and it may be possible that it could 

increase resistance to liquefaction in loose sand. Therefore, it could be very interesting to 

assess if this material could present a new alternative to improve the properties of soil. In 

this study, samples of pure sand are dry-mixed with 0%, 3% and 5% biochar by weight 

and tested under monotonic drained and cyclic undrained shearing using a simple shear 

test apparatus. Preliminary results indicate that biochar could increase cohesion and 

cyclic resistance. 
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1 INTRODUCTION 

Soil liquefaction is one of the causes of great damages during earthquakes and it is a complex 

phenomenon that occurs due to seismic shaking. It is a process in which loose saturated soils, with 

tendency to contract under shaking or rapid loading (undrained load), experience an increase in excess 

of pore water pressure (↑u) and a consequent reduction in effective stress (↓uIn cohesionless 

contractive materials the resistance is completely supressed and the soil behaves like a fluid with no 

shear resistance (↓= tan As a result, the granular material is transformed from a solid state to a 

liquefied state and effective stress and the soil shear strength and stiffness are reduced dramatically; 

the soil is unable to resist load and behaves like a fluid, allowing it to develop large deformations and 

cause damage to infrastructure. 

The occurrence of liquefaction is often associated with sand boils, flow failure slides, ground 

settlements, lateral spreading, foundation and retaining walls failures, and lifting of buried structures. 

These manifestations have cost millions of dollars and significant damage to infrastructure during the 

largest earthquakes around the world, such as in Alaska, 1964; Niigata, Japan 1964; San Fernando, 

1971; and more recently Maule, Chile 2010; Christchurch, New Zealand, 2011; Tohoku, Japan, 2011. 

Furthermore, the impact to areas can be increased when damage is induced in lifeline structure like 

hospital buildings, electrical power, telecommunications, transportation, water and sewage, oil and gas 

pipelines and waste storage systems, among others. The 1964 earthquakes in Alaska (Mw=9.2) and in 

Niigata, Japan (Mw=7.4) that produced devastating damage due to liquefaction raised for the first time 

the urgency to understand and mitigate this phenomenon. Since then, great progress in knowledge and 

understanding of the dynamic behaviour of soils has progressed and methods to improve ground 

conditions have been developed. However, liquefaction of soil still occurs and its effects have 

continued to cause severe damage to infrastructure. There are still lessons to be learned, especially in a 

world where cities are growing, which necessitates the use of reclaimed lands and requires more 

sustainable solutions. 

The conventional techniques to mitigate the occurrence of liquefaction include: soil replacement, 
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increase soil density (soil densification, sand compaction, vibro-compaction), provide drainage (gravel 

columns), desaturation (air injection, biogas, electro-osmosis), provide bonding to the grains (deep 

mixing, bio-cementation, others grouts in general), restraining shear deformation (cut-off walls), and 

structural improvements. Among these, compaction and densification are the most popular methods to 

improve soil conditions. However, these methods can produce high noise and vibrations that make 

implementation near existing structures difficult. In addition, some of these methods require the 

injection at high pressure of toxic chemicals into the ground or consume high energy (i.e. larger 

carbon footprint). 

Furthermore, with the development of new cities and technologies, there are challenges that new 

trends to mitigate liquefaction should answer to facilitate the mitigation in a non-disruptive manner, in 

a more environmentally friendly way with low carbon emissions.  The use of interdisciplinary effort 

and new environmentally friendly technologies could offer more sustainable solutions to mitigate 

liquefaction. For these reasons, the use of new materials and recycled materials has begun to be 

studied as alternative to mitigate liquefaction. 

Among recycled materials, tire chips and biochar are good alternatives that help to manage waste. Tire 

chips have been used as a means of damping (Towhata 2008; Kaneko et al. 2012) and drainage (Edil 

et al. 2004; Hazarika et al. 2008; H. Hazarika et al. 2010; Hemanta Hazarika et al. 2010). Regarding 

biochar, it is the term used to refer to high carbonic solid product (or co-product) of pyrolysis. It can 

be obtained from different biomass materials, such as bones, agricultural waste (crop residues), 

livestock manures, sewage sludge, composts or wood waste. It is an organic material that can endure 

in soil for thousands of years (Lehmann et al. 2006). It can modify pore size distribution, provide 

aggregate stability, and has a large water holding capacity (Brown et al. 2006; Downie et al. 2009). 

This material has been commonly used in environmental and agricultural applications (Troeh and 

Thompson 2005; Devereux et al. 2012; Hseu et al. 2014), and its potential as a carbon sequester agent 

has brought more attention, given the growing concern for anthropogenic carbon emissions (Lehmann 

et al. 2006; Winsley 2007). Biochar has been shown to be sustainable alternative in this matter as it 

could sequester 1.8 Gton of carbon per year, that is, a contribution of 12% of total CO2 global 

emissions (15 Gton/yr) (Woolf et al. 2010). In other studies, its mechanical properties has also been 

studied (Byrne and Nagle 1997), in uniaxial compression, and results indicate that carbonized wood 

has 28% more resistance than their respective feedstock, and 37% less stiffness. Moreover, some new 

research studies have explored the mechanical properties of biochar particles by nano-indentation 

(Zickler et al. 2006; Das et al. 2015), and large variation among different types of biochar had been 

observed. In general, with an increase of pyrolysis temperature, hardness and elasticity modulus are 

higher. 

Regarding its geotechnical properties, some authors have performed direct shear tests on clays soils 

mixed with 0%, 2%, 4% and 6% biochar (Lu et al. 2014; Zong et al. 2014), and they reported an 

increase in the internal friction angle and a tendency to decrease cohesion of the clays. However, its 

effect in sand and the dynamic response have not been investigated yet from geotechnical point of 

view. It is expected that biochar could provide cohesion and desaturate soil particles, increasing the 

liquefaction resistance of loose sand. 

In the present study, the results of preliminary tests conducted on sands treated with biochar are 

presented and the effect of addition of biochar on the geomechanical properties of sand is reported. 

The main objective is to assess if this material could be used to mitigate soil liquefaction.  

2 METHODOLOGY 

To study the effect of biochar on a target host sand, samples with 0%, 3% and 5% biochar (by weight) 

were prepared and sheared in simple shear test machine in monotonic (SST) and cyclic (CSST) 

conditions.  

2.1 Materials 

Waikato River sand was used in this study. The particle size distribution of the host sand is plotted in 
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Figure 1(a). It is a poorly-graded sand with angular particles, with average grain size of 0.81mm. It is a 

clean sand with high tendency to liquefy. Its main properties are summarized in Table 1. The 

maximum and minimum void ratios are 0.854 and 0.69, respectively. This material have been studied 

at a loose state, and the target relative density was set at Dr=28% for all the tests. 

 

  

(a) Granulometry with boundaries of liquefaction (Ministry of Transport Japan 1999) (b) Photo of sand particles 

Figure 1 - Waikato river sand  

The maximum and minimum void ratios are 0.854 and 0.69, respectively. This material have been 

studied at a loose state, and the target relative density was set at Dr=28% for all the tests. 

Table 1. Waikato river sand properties 

Gs D50 emax emin Dr 

2.65 0.81 0.854 0.629 28% 

 

The biochar used in this study is produced by pyrolysis (carbonization in absence of oxygen) for 10 

minutes at a temperature of 470°C by Alternative Energy Solution, Pukekohe, NZ. This biochar is the 

same as that used by others authors (Das et al. 2015), who reported particle hardness and elastic 

modulus of this biochar to be 0.4 GPa, and 5 GPa, respectively . 

 

  

(a) SEM micrographs of biochar samples (Das et al. 2015) (b) Photo of biochar grains 

Figure 2 - Biochar made from pine saw dust waste 

 

The main properties of the biochar used in this study are summarized in Table 2. 
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Table 2. Biochar Properties 

Specific gravity Gs 1.34 

Size (μm) <75 

Particle Hardness* H (GPa) 0.4 

Particle Elastic Modulus* E (GPa) 5 

* Properties obtained by Das et al. (2015) 

2.2 Sample preparation 

To prepare the samples, biochar and sand were dry-mixed in proportion by weight of sand, keeping 

constant the amount of sand in all cases. Then, the mixture was covered with the exact amount of 

deaired deionized water to have saturated samples. Next, the mixture was warmed up to 45°C and 

boiled with vacuum to remove the remaining air bubbles. Finally, the slurry was poured inside the 

mould with a spoon and, in some cases, the base was gently tamped to reach the target volume.  

In this procedure, it was assumed that the size and the amount of biochar particles are so small that 

they form part of the suspension, so that the void ratio can be computed considering only the sand 

particles. 

2.3 Simple Direct Shear Apparatus 

The simple direct shear apparatus utilized was ShearTrac II-DSS by Geocomp Inc. In this equipment, 

the samples were placed inside a stack of rigid rings (Figure 3) that prevent lateral extension, and 

allow horizontal shearing. The samples were initially consolidated at a defined vertical load, and then 

horizontally sheared monotonically or cyclically depending on the type of tests done.  

 

Figure 3 - Cyclic simple shear test 

In this apparatus, full saturation of the samples could not be confirmed, and undrained conditions are 

simulated by keeping constant the volume (height) of the samples. In the cyclic tests, as the volume is 

kept constant, the change in the vertical load is assumed to be equal to the change in effective stress of 

the sample.  

Static tests were performed under vertical confinement of 50 kPa, 100 kPa, 150kPa, and 200 kPa. On 

the other hand, cyclic tests were performed only at a vertical confinement of 100 kPa, with the shear 

stress applied varied from 5 kPa to 25 kPa. 

3 RESULTS 

3.1 SST in sand mixed with biochar 

Figure 4 shows the results from monotonic simple shear tests performed in sand treated with biochar. 

In pure sand samples, the sample preparation method adopted in the experiments satisfactorily 
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replicated the results, and the shear strength parameters are c = 0kPa and °. In biochar-treated 

samples, more variability is obtained since some of these samples required some tamping to fit within 

the target volume.  

 

 

Figure 4 - Simple shear tests results on sand treated with biochar 

In general terms, although static properties seem not to vary from the state without treatment, some 

cohesion could be interpreted from the graph; however, more tests are planned to better quantify the 

trend. Regarding axial strain, samples treated with biochar experienced less deformation than pure 

sand samples. It is possible that biochar grains are not contributing to shear resistance, but it may be 

restraining the sand grains to move freely. 

3.2 CSST in sand mixed with biochar 

Tests at 100 kPa vertical stress at different cyclic stress ratios have been performed on sand samples 

treated with 0%, 3% and 5% biochar. In general, biochar-treated samples showed a better response, 

i.e. higher liquefaction resistance. Figure 5 displays the liquefaction resistance of the samples. To 

define liquefaction, the shear strain criterion of p-p = 7.5% has been used. 

A power function has been employed for the relationship between the number of cycles (N) and the 

cyclic stress ratio (CSR): 

b
NaCSR


  (1) 

In the graphs shown in Figure 5, the relationship between log(CSR) vs log (N) is linear, with slope b 

ranging from 0.2 to 0.23. In the graph, the colours become darker with an increase in biochar content. 

The tendency of biochar to increase the liquefaction resistance of the host sand is clearly observed 

from the figure. When the samples are treated with 5% biochar, the number of cycles to liquefaction is 

increased by more than six times (i.e. almost one order of magnitude). 
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Figure 5 - Cyclic simple shear tests on samples treated with biochar 

Figure 6 shows the test results for the case with shear stress () of about 20 kPa under initial vertical 

stress (n0) of 100 kPa performed on samples with different levels of treatments. There is a clear 

tendency for the biochar to delay the increase in pore water pressure and more importantly, to reduce 

the peak-to-peak shear strain (p-p), during the 15
th
 cycle (equivalent to an earthquake of magnitude 

7.5), i.e. the accumulated shear strain (peak-to-peak) is reduced by more than five times.  

 

 

Figure 6 - Cyclic simple shear tests on sand treated with biochar, CSR ≅ 0.20 

Dynamic properties, such shear modulus degradation and damping, were computed as depicted in 

Figure 7. The shear modulus was computed as the general inclination of each loop, using Equation (2). 
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On the other hand, damping was computed as the ratio between the dissipated energy (loop area) and 

the equivalent maximum dissipated energy of an elastic material. 
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In Equations (2) and (3), 𝜏 (kPa) is the shear stress, 𝛾 (-) is the shear strain, and 𝑡 (min) is the time. 

 

 

Figure 7 - Scheme for shear modulus degradation and damping calculations 

 

Figure 8 shows the shear modulus degradation and damping obtained at the 11
th
 cycle for samples 

treated with biochar. In general terms, there seems to be no effect of the addition of biochar on the 

shear modulus while there is slight reduction in damping; this can be confirmed in Figure 6 where the 

inclination of the loops appears to stay constant with the increase in biochar, but the widths of the 

loops are less. To verify this tendency, more tests are planned. 

 

 

Figure 8 - Shear modulus and damping with SST 

4 CONCLUDING REMARKS 

The preliminary results presented in this paper indicated that the addition of biochar to clean sand 

samples seems to not modify static properties of sand, but restrains volumetric deformation. In terms 

of cyclic response, the addition of biochar resulted in increase in cyclic resistance. The mechanism by 

which biochar could improve cyclic resistance of a loose sand deposit is not fully understood. It is 

possible that the increase in pore water pressure would activate pores in biochar in a similar way that 

temperature works in activating charcoals. This may have opened pore volume within the biochar 

grains which were initially inaccessible for the water, and results in delay in the generation of pore 

water pressure. More tests are planned in the future to establish the trend and other conditions which 

may affect the results. In the next stage of the research, inter-particle interaction will also be studied to 

better understand why and how biochar improves the cyclic resistance of loose saturated sands. 

It is important to note that biochar properties depend on its original feedstock and pyrolysis 

conditions; i.e. different pyrolysis temperature and residence time will lead to different biochar with 
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different physical, chemical and mechanical properties. Therefore, the results presented in this paper 

are applicable exclusively to this biochar made from pine saw dust waste, at 470°C for 10 minutes. 

Biochar has been designed to be buried in the soil. There, it brings several benefits and advantages 

(some unexpected), i.e., it could be used to manage wastes, to help reduce carbon emissions to the 

atmosphere, to improve soil fertility, and to develop new alternatives to mitigate liquefaction.  
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